A multitude of studies have reported that microRNAs (miRNAs) are important in neuronal development. As a key regulator altering the expression of certain mRNAs, miR-26a has been demonstrated to play a role in the central nervous system (CNS). In the current study, the function of miR-26a in neuronal development was investigated. The overexpression of miR-26a was hypothesized to significantly enhance synaptic plasticity and regulate neuronal morphogenesis. The number and distribution of neurites was markedly increased by miR-26a. In addition, inhibition of miR-26a function attenuated neuronal outgrowth. Furthermore, phosphatase and tensin homolog (PTEN) was identified as a direct target of miR-26a in this process via a luciferase reporter assay. The growth of neurites was consistently suppressed by PTEN overexpression. Therefore, our study demonstrated that miR-26a promoted neurite outgrowth via the suppression of PTEN expression, indicating that miR-26a is important in neuronal development and morphogenesis. miR-26a has the potential to serve as a therapeutic target for patients with Alzheimer's disease (AD).
Introduction
Alzheimer's disease (AD) is the most common dementing illness globally. By 2050, one person in every 85 is predicted to suffer from this disease (1) . Neurodegenerative diseases may cause memory loss, impaired cognitive function and eventually, death. Pathological features include the impairment of axonal and dendritic transport, swelling of axons, dendrites and varicosities and breakage. Early experiments revealed that the maintenance of normal neurite transport and the morphology of neurons are vital for the biological functions of neurons (2) . Our study casts light on the mechanism of neuronal development and provides a novel and valuable possibility for therapeutic intervention in AD.
Gene modulation, particularly post-transcriptional gene regulation, acts as a pivotal regulator in brain development (3) . MicroRNAs (miRNAs) are a type of non-coding small RNA mediating gene silencing, and are 21-to 23-nucleotides long. Thousands of miRNAs have been identified in mammals, a number of which are expressed spatially and temporally in the process of brain development (4) . Significant progress has been made in identifying targets of miRNAs. More than 60% of all mammalian mRNAs are tightly controlled by miRNAs. miRNAs are part of signaling networks serving as an important mediator of crosstalk between signaling pathways, coordinating their activity (4, 5) . miRNA biogenesis pathways are widely recognized as regulators in the development of the central nervous system (CNS). For instance, miR-124, which accounts for 25-48% of all brain-specific miRNAs, has been studied extensively (6) . miR-9 is specifically and abundantly expressed in the neurogenic regions of the brain (7). miR-124 and miR-128 are prone to appear in neurons, whereas miR-23 is expressed in astrocytes. miR-132 has been reported to modulate neuronal morphogenesis via suppressing the expression of the GTPase-activating protein p250GAP (8) . miR-134 has been reported to regulate the development of neurite spines through repressing expression of the Limk1 protein kinase (9) . During brain development, the expression of miR-128 is upregulated, and ectopic expression of miR-128 may promote neural differentiation and augment the average dendritic spine length of neural stem cells (NSCs) (10) . Accumulating evidence supports the crucial roles of miRNAs in neuronal development. Our current study demonstrated that the expression of miR-26a in neurons is higher than that in NSCs; however, the function of miR-26a in neurons has not been validated experimentally. In addition, the correlation between miR-26a, synaptic plasticity and the growth of neurites has not yet been documented. Therefore, the present study focused on the function of miR-26a in neuronal outgrowth.
Materials and methods
Cell culture and transfection. All procedures were performed in accordance with a protocol approved by the Institutional Animal Care and Use Committee (Chinese Academy of Science). Neonatal rat cortical neurons and NSCs were obtained from the cortex of male Sprague-Dawley rats (purchased from the Animal Center of Chinese Academy of Science, Beijing, China), as described previously (11) . Neurons were plated on poly-D-lysine (10 µg/ml) and laminin (5 µg/ml; Sigma-Aldrich, St. Louis, MO, USA) -coated glass. The electroporation of primary cortical neurons was conducted using a rat neuron nucleofector kit (Amaxa Biosystems, Gaithersburg, MD, USA) according to the manufacturer's instructions, and the neurons were cultured in neurobasal media supplemented with factor B27, 2 mM L-glutamine, 0.06 mg/ml cysteine, 1 mM sodium pyruvate, penicillin and streptomycin (Invitrogen, Carlsbad, CA, USA) at 37˚C and 5% CO 2 .
Expression vectors. The phosphatase and tensin homolog (PTEN) and its short hairpin RNA (shRNA) were amplified and cloned into pCAG-EGFP. The primers were as follows: PTEN forward, 5'-CGGGATCCGACATGACAGCCATCA TCAAAG-3' and reverse, 5'-CCGCTCGAGTCAGACTTTTGT AATTTGTGTATG-3'; shRNA forward, 5'-GGCGCUAUGU GUAUUAUUATT-3' and reverse, 5'-UAAUAAUACACAUAG CGCCTT-3'; and control miRNA sense, 5'-UUCUCCGAACGU GUCACGUTT-3' and anti-sense 5'-ACGUGACACGUUCGGA GAATT-3'. The sequences for the miR-26a mimics were as follows: sense, 5'-UUCAAGUAAUCCAGGAUAGGCU-3' and anti-sense, 5'-CCUAUCCUGGAUUACUUGAAUU-3'; miR-26a inhibitor, 5'-AGCCUAUCCUGGAUUACUUGAA-3' and control, 5'-CAGUACUUUUGUGUAGUACAA-3'.
Cell viability analysis. The viability of transfected neurons was determined by a CCK assay kit (Dojindo, Kumamoto, Japan). Transfected neurons were seeded at a density of 5x10 3 cells per well into 96-well plates. The CCK-8 solution was diluted with neuronal media (1:10), and 100 µl of the resulting solution was added to each well and incubated for 2 h at 37˚C. The absorbance was determined at 450 nm by a microplate reader (BioTek, Winooski, VT, USA).
Western blot analysis.
For western blot analysis, cells were first washed with cold PBS 3 times and then lysed in RIPA buffer (Solarbio, Beijing, China). Protein lysates (30 µg) were electrophoresed on SDS-PAGE gels and transferred to PVDF membranes (Millipore, Billerica, MA, USA). The membranes were blocked for 1 h at room temperature (RT) with 5% milk protein and 0.05% Tween 20 in PBS. Mouse monoclonal anti-PTEN IgG and mouse monoclonal anti-GADPH (Cell Signaling Technology, Inc., Danvers, MA, USA) were used according to the manufacturer's instructions. The membranes were washed 3 times with PBS for 10 min and then incubated for 1 h at RT with the anti-mouse infrared dye-conjugated secondary antibodies. After washing 3 times, the bands and band intensity were analyzed using an Odyssey instrument (LI-COR, USA).
Reverse transcription and quantitative (q)PCR. Total RNA was isolated from cells using TRIzol (Invitrogen) according to the manufacturer's instructions. For miR-26a, total RNA (50 ng) was transcribed into cDNA using a TaqMan MicroRNA Reverse Transcription kit (Applied Biosystems, Carlsbad, CA, USA) according to the manufacturer's instructions. qPCR was performed with a TaqMan MicroRNA Assay Kit (Applied Biosystems). The expression of U6 was used as a control, and the fold-change was calculated by the 2 -ΔΔCt method. The amplification and detection of specific products were performed using the ABI Prism 7500 system (Applied Biosystems).
Luciferase reporter assay. The 3' untranslated region (3'-UTR) sequence of rat PTEN mRNA containing the miR-26a binding site was amplified and cloned into a pMIR-REPORT luciferase reporter vector, known as pMIR-PTEN-3'UTR. The vector of PTEN 3'UTR with the miR-26a binding site was co-transfected separately with miR-26a, miRNA control or miR-26a inhibitor into primary neurons. After 24 h, the luciferase assay was performed according to the manufacturer's instructions.
Immunocytochemistry and quantitation of neuronal morphology. Cortical neurons were fixed with 4% paraformaldehyde at RT for 30 min. Neurons were blocked (1 h at RT) in 5% BSA in PBS with 0.01% Triton X-100 and probed with neuronal class III β-tubulin (1:1,000; Sigma-Aldrich) and DAPI (2 µg/ml; Sigma-Aldrich). The cells were then analyzed under a Zeiss 780 confocal microscope (Carl Zeiss AG, Oberkochen, Germany). Images of neurons were traced and quantified by the NeuronJ program (12) .
Statistical analysis. All data are presented as the mean ± standard deviation (SD). Variance analysis between the groups was performed by one-way ANOVA, and significant differences between the groups were analyzed by Dunnett's multiple comparison test. P<0.05 was considered to indicate a statistically significant difference. All statistical analysis was performed using SPSS 16.0 statistical software (SPSS, Inc., Chicago, IL, USA).
Results
miR-26a is highly expressed in mature neurons. miR-26a has exhibited a consistent pattern of expression in in vivo and in vitro models (12) . To identify whether miR-26a is involved in the development of neurons, qPCR analysis was performed to characterize its expression. The expression of miR-26a in neurons was markedly increased by 3.4-fold compared with NSCs (Fig. 1A) . Thus, the expression level of miR-26a was higher in neurons than in NSCs. These data suggested a marked correlation between neuronal development and the miR-26a expression level, indicating that miR-26a may play a role in the development of neurons.
Expression of miR-26a progressively promotes the growth of neurites. Considering the expression of miR-26a in primary neurons, we examined whether miR-26a plays a role in regulating the growth of neurites. With the upregulation of miR-26a, neurite morphology significantly changed. Morphometric analysis revealed that miR-26a-transfected neurons had higher neurite numbers and the average total length was greater than that of control miRNA-transfected neurons (Fig. 1B) . In addition, transfection of miR-26a inhibitor (miR-26a knockdown, KD) induced a marked decrease in the distribution of neurites and total neurite length (Fig. 1B) . Growth curves of the two groups were generated and it was found that the neurite branches were more pronounced in the miR-26a over-expression (OE) group (Fig. 1B) . To further examine whether this phenotype was associated with the viability of neurons, neuronal apoptosis was measured by a CCK assay, and it was shown that miR-26a (OE) and miR-26a (KD) did not affect the survival of neurons (94.9±4.3 vs. 96.1±2.8%; Fig. 1C ). Taken together, our data suggested that miR-26a promotes the growth of neurites and does not induce cell death.
PTEN is a direct target of miR-26a in neurons.
A number of genes have been reported to be the target of miR-26a. To gain insight into the mechanisms by which miR-26a exerts its biological functions (13-15), we explored predictive targets of miR-26a through the TargetScan bioinformatics algorithm (www.targetscan.org). Result revealed that the 3'-UTR of PTEN has three potential binding sites, which are highly evolutionarily conserved (Fig. 2A) . Due to miRNA modulation, the correspondent mRNA expression and protein level may change (6) . Our data showed that the protein expression of PTEN is higher in NSCs than in neurons (Fig. 2B) . On further study, the expression of PTEN protein was specifically reduced in neurons transfected with miR-26a mimics, and the dose of endogenous PTEN was reduced to 38.3% (Fig. 2C) . Therefore, these results indicated that there was a close correlation between PTEN and miR-26a. A luciferase reporter gene assay was performed in order to determine whether PTEN is a direct target of miR-26a. Firstly, the 3'-UTR of PTEN with one binding site was cloned into the pMIR-REPORT luciferase vector as a positive control. This plasmid was then co-transfected with miR-26a mimic, its control miR-control and miR-26a inhibitor into primary neurons. The results indicated that luciferase activity was markedly decreased in the miR-26a group (31±4.2%), whereas it did not change with miR-control and was increased in the miR-26a inhibitor group (139±2.1%; Fig. 2D ). Taken together, these data revealed that miR-26a suppressed the expression of PTEN and that PTEN is a direct target of miR-26a.
PTEN mediates the effect of miR-26a on neurite outgrowth. miR-26a was shown to promote neurite outgrowth and PTEN is involved in this process. To further investigate the effect of PTEN on the growth of neurites, the efficiency of PTEN overexpression (PTEN OE) and its knockdown (PTEN KD) were examined (Fig. 3A) . The results showed that neurons transfected with PTEN generated an opposite result compared with neurons transfected with miR-26a; the growth of neurites was largely suppressed. By contrast, transfection with the shRNA of PTEN enhanced neurite outgrowth, and the number and distribution of neurites was significantly increased (Fig. 3B) . The overexpression of PTEN abolished the enhancement of neurite growth by miR-26a. PTEN knockdown rescued the growth defect of neurons induced by treatment with miR-26a inhibitor. The number and length of neurites was attenuated and suppressed by PTEN overexpression. Therefore, we concluded that PTEN is an important molecule in this signaling pathway, which has marked biological control over the development of the neuron, particularly neuronal morphogenesis.
Discussion
With the advance of therapeutics, the biodemographics of the world is likely to change, since the number of elderly people is constantly increasing. The number of patients with AD and related dementias will also increase significantly from current levels (16, 17) . The cognitive impairment of patients seriously affects their quality of life (1); therefore, finding a method to cure or prevent AD and other dementias is important. Current research has provided us with more information on the basic biology of AD and this will make the prevention of AD possible (1) .
AD is the most common neurodegenerative disease. Axonopathy and dendropathy is a subset of AD. It has been demonstrated that the normal link between neurons in the cortex is critical for the function of the brain (18, 19) . Numerous miRNAs may also be involved in this process, including miR9, miR124, miR155 and miR132. Together, these molecules maintain the normal development of the CNS (8, (20) (21) (22) . Our study showed that the expression of miR-26a was lower in NSCs than in neurons, and lower in dysfunctional neurons. Furthermore, we identified that miR-26a promotes the growth of neurites and increases the number and length of the neurite branch. These results indicate that miR-26a may be capable of ameliorating cognitive impairment, although this requires further demonstration in in vivo experiments. The pathway of miR-26a is considered to be different depending on the cell and tissue types. A number of previous studies have shown that PTEN is a target of miR-26a (23, 24) . However, none of these studies involved neurons. Our study revealed that PTEN is important in neuronal development and that miR-26a affects the morphology of neurons. It is conceivable that there may be other additional targets regulated by miR-26a. This process also requires the coordinated function of several genes, including the genes associated with cytoskeletal reorganization (25) . Further study is required to explore the underlying mechanisms and the details of signaling pathways involved in this process (26) (27) (28) . A conditional mouse model may provide more details on the precise role of miR-26a in neurite outgrowth and neuronal maturation. These results and future work may provide a novel insight into the mechanism of neuronal dysfunction and may be beneficial for the prevention of AD.
miR-26a was found to be capable of regulating neurite outgrowth via the repression of PTEN expression. The overexpression of miR-26a may induce the growth of neurites, and 
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this is beneficial to the function of impaired neurons. This finding may prove useful for the treatment of patients with AD.
